Influence of copper additives on the viscosity and stratification of iron melt by Chikova, O. A. et al.
ISSN 09670912, Steel in Translation, 2013, Vol. 43, No. 5, pp. 262–266. © Allerton Press, Inc., 2013.
Original Russian Text © O.A. Chikova, V.S. Tsepelev, A.N. Konstantinov, V.V. V’yukhin, 2013, published in “Izvestiya VUZ. Chernaya Metallurgiya,” 2013, No. 5, pp. 14–18.
262
In steel and cast iron, copper is an effective alloying
element. It ensures considerable strengthening of the
alloys; increases the corrosion resistance; improves the
deformability of steels; modifies the antifrictional
properties and wear resistance of cast iron and graphi
tized steel; improves the hardenability of iron and
steel; and significantly affects the crystallization and
recrystallization processes in complex alloys [1]. In the
United States, steel with the addition of Cu in place of
Nb and V has been proposed. The copperrich nano
particles formed in αFe on cooling result in disper
sional hardening of the steel and ensure high plasticity
and fracture resistance [2]. Although the strengthen
ing effect of copper precipitates has been known for a
long time, we do not understand this process or know
precisely which factors affect the formation of copper
nanodeposits. The clear effect of bcc Cu deposits on
the mechanical properties of αFe has prompted
interest in the structural state and thermodynamic and
elastic properties of solid and liquid Fe–Cu solu
tions—in particular, in the factors that affect the
solidification and stratification of Fe–Cu alloys and
the behavior of the liquidus in this system. Contradic
tory data have been obtained regarding the compati
bility of Cu and Fe in the liquid state [3]. The phase
diagram of the Fe–Cu system includes a region of
immiscibility in the supercooled melt (supercooling to
100°C or more); the stratification of Fe–Cu alloys
into two phases, rich in iron and copper, respectively,
occurs below the liquidus [4]. By a combination of dif
ferential thermal analysis, electron microscopy, and
Xray microspectral analysis, we may establish not
only the metastable stratification of the melt (critical
point 1704 K; xFe = 0.53) but also metastable solidifi
cation to L  δ phase in the range xFe = 0.43–0.96
and metastable synthetic transformation L1 + L2 ⇔ ε
at 1405 K [3].
We argue that homogenizing heat treatment of the
liquid metal is a promising means of suppressing the
stratification of Fe–Cu melt and producing αFe that
is supersaturated with copper [5]. This method per
mits the production of massive ingots of monotectic
alloys with the required structure in natural gravita
tion, even at relatively low cooling rates, and also of
supersaturated solid solutions for systems with a phase
diagram of eutectic type [5].
The fundamental assumption here is that small
droplets of colloidal scale that are enriched with one of
the components may exist beyond the immiscibility
region in the liquid metal for a long time. Their
destruction entails heating to a temperature Thom,
which will be different for each composition, or some
other energy input to the melt. After such heating, the
melt is irreversibly converted to a true solution, with
significant change in the solidification conditions.
Experiments show that the destruction of the
microheterogeneous structure of monotectic and
eutectic melts is usually accompanied by anomalous
temperature dependences of the liquid metal’s proper
ties—in particular, its viscosity. The temperature
dependences of the melt viscosity corresponding to
heating and subsequent cooling of the sample will then
be different. In this case, the temperature Thom corre
sponding to irreversible transition to a homogeneous
state of the melt is determined from the onset of the
hightemperature region where the heating and cool
ing polytherms coincide. In experiments with mono
tectic melts, anomalously large spread of the kine
matic viscosity is observed; in many cases, the correct
value cannot be determined. On heating to specific
temperatures for each composition, this spread is irre
versibly reduced to values corresponding to the ran
dom measurement error. In this case, the temperatures
corresponding to destruction of the microstratified
state of the melt are determined from the irreversible
decrease in the spread of the kinematic viscosity [6, 7].
In the present work, we investigate the viscosity of
Fe–Cu melts as a function of the temperature and the
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time, so as to determine the homogenization temper
atures with 0–10 wt % Cu.
We consider alloys with 0, 0.5, 1.0, 3.0, 5.0, and
10.0 wt % Cu. The viscosity ν is measured by means of
damping torsional oscillations of a crucible with the
melt in heating and subsequent cooling within the
range 1550–1700°C. The temperature dependence is
measured in isothermal holding (at least 30 min) with
relatively small temperature increments (10–15°C).
The systematic error of the ν(T) measurements is 3%,
while the random error, determining the spread of the
points within a single experiment, is no more than
1.5% at a confidence level p = 0.95. The time depen
dence of the viscosity is measured in individual exper
iments. At each temperature, 15 successive measure
ments are made. The temperature is maintained at the
specified value to within 1°C by means of a highpre
cision regulator. In the measurements, the oscillation
parameters are recorded optically, by a photographic
system. Detailed description of the experimental
apparatus, the measurement of the time and temperature
dependences of the kinematic viscosity, and the analysis
of the experimental data may be found in [8–10].
The materials employed are M00k copper and carbonyl
iron ingots. In all the experiments, BeO crucibles are
used. The experiments are conducted in highpurity
helium at 105 Pa.
In Figs. 1–5, we show viscosimetric data for
Fe⎯Cu melts. The temperature dependence of the vis
cosity for pure iron is consistent with [11]. For all the
Fe–Cu melts, the heating and cooling polytherms are
different; in other words, hysteresis is present (Figs. 1–5).
In some experiments, as we see in the table, there is
increased spread of the kinematic viscosity on heating,
which is consistent with experiments using monotectic
Al–In, Al–Pb, and Ga–Pb melts [6, 7, 12].
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Fig. 1. Temperature (a) and time (b, c) dependences of the kinematic viscosity of Fe–0.5 wt % Cu melt: (1) heating; (2) cooling;
(3–5) heating at 1550, 1650, and 1700°C, respectively; (6, 7) cooling at 1650 and 1550°C, respectively.
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Fig. 2. Temperature (a) and time (b, c) dependences of the kinematic viscosity of Fe–1 wt % Cu melt: notation as in Fig. 1.
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For Fe–3% Cu and Fe–10% Cu melts, the viscos
ity is higher on cooling than on heating. On the poly
therms for Fe–10% Cu melt, the kinematic viscosity
on heating and cooling is not the same in the high
temperature region. This may be associated with dis
persion of the inherited microheterogeneities in the
melt [13].
In correlation analysis of the time dependences, we
calculate the mean square deviation of the kinematic
viscosity σ × 107, m2/s, and the Pearson correlation
coefficient S (shown in the table) [14]. The Pearson
method is used on the basis that the strength of the
relation between the melt’s viscosity and the time must
be precisely established, in quantitative terms. We find
that the mean square deviation of the kinematic viscosity
is no greater than that for iron melt in analogous condi
tions. The mean square deviation of the kinematic vis
cosity for iron melt is no more than 0.07 × 10–7 m2/s,
which corresponds to the stated random error of the
measurements (3%). The Pearson correlation coeffi
cient for the time dependences of the viscosity of iron
melt is no more than 0.3, which corresponds to a weak
correlation. For the time dependences of the Fe–Cu
melt viscosity on heating, the Pearson correlation
coefficient is 0.7, which corresponds to a strong corre
lation, as we see in the table. This is associated with
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Fig. 3. Temperature (a) and time (b, c) dependences of the kinematic viscosity of Fe–3 wt % Cu melt: notation as in Fig. 1.
9
8
7
6
15141210740 51 8
ν
 ×
 1
07
, 
m
2 /
s
1
2
3
4
5
6
7
(b)
2 3 6 9 11 13
9
8
7
15141210740 51 8
(c)
2 3 6 9 11 13
8
7
6
170016501600
(a)
1550
t, °C
Thom
ν
 ×
 1
07
, 
m
2 /
s
τ, min τ, min
5 6
5
9
Fig. 4. Temperature (a) and time (b, c) dependences of the kinematic viscosity of Fe–5 wt % Cu melt: notation as in Fig. 1.
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relaxation in the melt due to the destruction of inher
ited microheterogeneities [13].
The results may be interpreted in terms of the
metastable microheterogeneity of liquid alloys [5]. In
this approach, we assume that a solution of copper in
iron that is uniform at the atomic level is not formed
immediately on passing through the macrostratifica
tion peak [15]. Rather, the microstratified state per
sists over some temperature range. In that range,
where the microheterogeneity is relatively pro
nounced, the viscosity values are unstable. Judging
from the branching of the ν(T) curves, we may say that
the conversion of the melt to a true solution occurs
close to this branch point. The temperature Thom at
which the melt passes irreversibly to a homogeneous
state may be determined from the onset of the high
temperature region where the heating and cooling
polytherms coincide. With increase in Cu content in
the melt, Thom rises; for the Fe–10% Cu melt, it is
above 1700°C (Fig. 5). Above Thom, the Fe–Cu melt is
converted irreversibly to a true solution, according to
the data in [5]. That significantly changes the solidifi
cation conditions of the metal, even at industrial cool
ing rates, and may be expected to suppress the stratifi
cation of liquid metal and to yield αFe that is super
saturated with copper.
CONCLUSIONS
Viscosimetric data have been obtained for Fe–Cu
melts with 0.5, 1.0, 3.0, 5.0, and 10.0 wt % Cu in heat
ing and subsequent cooling.
For all the alloys, the polytherms of the kinematic
viscosity are different in heating and cooling.
In all the experiments, the spread of viscosity val
ues in the region of heterogeneous states is increased
on heating and irreversibly reduced on cooling.
We have determined the temperature Thom corre
sponding to irreversible transition to a homogeneous
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Fig. 5. Temperature (a) and time (b, c) dependences of the kinematic viscosity of Fe–10 wt % Cu melt: notation as in Fig. 1.
Mean square deviation of the kinematic viscosity σ × 107 m2/s
and Pearson correlation coefficient S of the kinematic viscosity
and the time for Fe–Cu melts
T, °C σheat σcool Sheat Scool
Fe–1 wt %  Cu
1550 0.010 0.013 0.09 0.30
1650 0.038 0.018 0.79 0.52
1700 0.034 0.76
Fe–3 wt % Cu
1550 0.176 0.030 0.89 0.26
1650 0.079 0.027 0.10 0.25
1700 0.053 0.20
Fe–0.5 wt % Cu
1550 0.006 0.018 0.30 0.45
1650 0.027 0.011 0.85 0.20
1700 0.024 0.82
Fe–5 wt % Cu
1550 0.321 0.059 0.92 0.4
1650 0.046 0.069 0.23 0.3
1700 0.133 0.34
Fe–10 wt % Cu
1550 0.027 0.048 0.27 0.55
1650 0.139 0.040 0.89 0.02
1700 0.042 0.57
266
STEEL IN TRANSLATION  Vol. 43  No. 5  2013
CHIKOVA et al.
state for Fe–Cu melts with 0.5, 1.0, 3.0, 5.0, and
10.0 wt % Cu. With increase in Cu content in the melt,
Thom rises; for the Fe–10% Cu melt, it is above
1700°C. Heating the Fe–Cu melt above Thom signifi
cantly changes the solidification conditions of the
metal, even at industrial cooling rates, and may be
expected to suppress the stratification of liquid metal
and to yield αFe that is supersaturated with copper.
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